Abstract: While several studies have investigated maternal exposures as risk factors for oral clefts, few have examined paternal factors. We conducted an international multi-centered case-control study to better understand paternal risk exposures for oral clefts (cases = 392 and controls = 234). Participants were recruited from local hospitals and oral cleft repair surgical missions in Vietnam, the Philippines, Honduras, and Morocco. Questionnaires were administered to fathers and mothers separately to elicit risk factor and family history data. Associations between paternal exposures and risk of clefts were assessed using logistic regression adjusting for potential confounders. A father's personal/family history of clefts was associated with significantly increased risk (adjusted OR: 4.77; 95% CI: 2.41-9.45). No other significant associations were identified for other suspected risk factors, including education (none/primary school v. university adjusted OR: 1.29; 95% CI: 0.74-2.24), advanced paternal age (5-year adjusted OR: 0.98; 95% CI: 0.84-1.16), or pre-pregnancy tobacco use (adjusted OR: 0.96; 95% CI: 0.67-1.37). Although sample size was limited, significantly decreased risks were observed for fathers with selected occupations. Further research is needed to investigate paternal environmental exposures as cleft risk factors.
Introduction
Oral clefts represent the most common craniofacial birth defect affecting 1-2 per 1000 live births globally with substantial variability by geographic region and ethnic/racial origin, highlighting the importance of genetic and environmental factors [1] [2] [3] . Research on maternal risk factors from our study [4] and others [5] [6] [7] [8] [9] have demonstrated that selected exposures, including nutrition, smoking, alcohol, medications, and chemicals, are associated with oral clefts. Noticeably lacking are data on paternal-specific factors that may influence the risk of oral clefts.
Overall, few paternal factors have been hypothesized to be associated with birth defects, most notably advanced age [10] , family history [4, 11, 12] , socioeconomic status (SES) [4, [13] [14] [15] [16] , smoking [17] [18] [19] [20] , and occupational status/exposures [8, 21, 22] . Advanced paternal age has been shown to be a likely risk factor for oral clefts, although there is significant variability in the definition of "advanced age" across studies [13, [23] [24] [25] . A large meta-analysis found an increased risk of 58% for isolated cleft palate in fathers greater than 40 years old (OR: 1.58, 95% CI: 1.15-2.17) [26] . Paternal family history of clefts has also been consistently identified as a risk factor [4, 11, 12] . In our prior study using maternal reports of a father's cleft status, we found an increased risk of oral clefts in children with either fathers or paternal relatives who also had clefts (OR: 10.5, 95% CI: 5.9-18.8) [4] . Paternal smoking has been associated with an increased risk of oral clefts in some studies [4, 15, 27, 28] , but not others [5, 8, 29] . Fathers with lower education levels and/or lower socioeconomic status have been shown to have higher risk of children with oral clefts in several studies [4, [13] [14] [15] [16] . Lastly, certain occupational exposures, such as pesticides [6, 30, 31] have been hypothesized to be associated with a higher risk of clefts with inconclusive evidence. Overall, studies examining paternal exposures have been based on small sample sizes and proxy reports from mothers, and lack specificity to identify specific exposures associated with specific congenital conditions [16, 21, 32] .
In this report, we present an international case-control study on paternal exposures in diverse, underserved populations to further examine the paternal risk factors for clefts independent of maternal factors.
Methods

Study Population
Methods have been previously published [4] . In brief, we used a case-control study design and collected data on children with cleft lip with or without cleft palate (CL ± P) and cleft palate only (CP) (cases), children without any oral clefts (controls), and their parents in Vietnam, the Philippines, Honduras, and Morocco. Male and female children with a diagnosis of an isolated non-syndromic oral cleft who were singleton births, under age 3, and accompanied by a parent (age ≥18 years) were eligible for inclusion. A pediatrician or clinical geneticist assisted in screening children with oral clefts for other congenital malformations or suspected genetic syndromes, although it was not possible to screen for subclinical or asymptomatic anomalies. Case children were recruited during surgical missions between 2011 and 2015 with Operation Smile, an international not-for-profit organization that specializes in treatment of patients with cleft lip and/or cleft palate, providing millions of patient evaluations and hundreds of thousands of free surgeries across the globe for children and young adults born with craniofacial deformities.
Eligible controls were healthy children of age 3 and under without an oral cleft or other physical congenital malformation at public hospitals in each country from 2011 to 2015. Other exclusion criteria included children who were twins or triplets, children with other congenital anomalies (including limb, craniofacial or skeletal abnormalities), and those whose mothers were pregnant at the time of data collection or had a subsequent pregnancy to reduce the possibility of misreporting exposures unrelated to the pregnancy of interest. Table 1 outlines the dates and location of the data collection sites. All subjects provided written and/or verbal informed consent. This study was approved by the Institutional Review Board of the University of Southern California (FWA #: 00005906) and the University of Santo Tomas IRB in Manila, Philippines (FWA #: A00009240). In Vietnam, Honduras, and Morocco, collaborating hospital directors reviewed the study and made revisions regarding ethical, cultural, clinical, and vocabulary appropriateness and provided an authorization for human subject research, which were reviewed by the Institutional Review Board of the University of Southern California.
Data Collection and Variable Definitions
Data collection procedures for mothers have been previously published [4] . In this report, we include data collection procedures for interviewing fathers. In brief, all fathers of case and control children were interviewed by a local research assistant at the participating hospitals and clinics in each of the four countries. Research recruiters were trained to interview participants in a standardized manner using a risk factor questionnaire. Fathers and mothers were interviewed in separate areas whenever possible to ensure independent responses. Fathers were asked to report their lifestyle during the periconceptional period (defined as 12-18 months prior to the birth of the child) on demographics, location of residence, alcohol use, tobacco use, health conditions and family history, environmental exposures (i.e., chemicals, radiation), and occupation.
Smoking was defined as regular use of tobacco products, including cigarettes, cigars, and pipes. Alcohol use was defined as regular consumption of wine, beer, or liquor. If present, mothers of these children were also asked to report independently on selected paternal factors, including family history of oral clefting and other health conditions, selected exposures (i.e., smoking), and lifestyle (i.e., educational level, income, and employment status).
Statistical Analysis
To assess potential differences based on parental involvement (mother and father, mother only, or father only), we compared selected characteristics of the study population using chi-square tests for categorical variables (or Fisher's exact test for variables with small numbers) and Student's t-tests for continuous variables. Data for parental groups with both a participating mother and father (n = 626) were used for further analysis in order to adjust for maternal risk factors as reported on the mother's questionnaire. Logistic regression was used to calculate odds ratios (OR) and 95% confidence intervals (CI) to measure the association between selected self-reported paternal exposures and risk of oral cleft in their children. Adjusted models included the following potential confounders and maternal risk factors: child's sex, the mother's place of residence during pregnancy (rural/city), the mother's and father's employment status (employed/unemployed), the mother's and father's education (completed primary school or less/completed secondary school or more), the mother's and father's age at time of delivery, and country. For mothers and fathers missing age at time of delivery, a mean value for age by country and case status was imputed. A "missing" response was created for categorical variables. p-values less than 0.05 were considered statistically significant.
Additionally, maternal reports on paternal exposures were compared to results of self-reported paternal data. Kappa statistics were evaluated to assess agreement between mother and father reports. Assessment of adequate agreement was evaluated at the threshold of kappa coefficients greater than 0.70. Assessment of poor agreement was evaluated at threshold of kappa coefficients less than 0.40.
All statistical analysis was performed using SAS software, Version 9.4 of the SAS System for Windows (SAS Institute Inc., Cary, NC, USA).
Results
Characteristics of the entire study population and the subset with information from fathers are shown in Table 2 . There were 626 (24.2%) families with a mother and father that completed a questionnaire, 1895 (73.1%) families with only a mother that completed a questionnaire, and 71 (2.7%) families with only a father that completed a questionnaire. By case status, families with an affected child were more likely to have both parents or only fathers complete a questionnaire compared to control families (p < 0.01). There was also a significant difference in the participation of mothers and fathers by country (p < 0.01). The majority of families with a participating father and mother, or a mother only, were from Vietnam (40.1% and 36.8%, respectively). The majority of the families with only a participating father were from Morocco (39.4%). More mothers and mothers' families with clefts were reported among families with a participating mother and father (15.8%, p < 0.01), but otherwise there were no significant differences by participant group in maternal factors according to the mother. In regard to paternal factors according to the father, pre-pregnancy alcohol use, tobacco use, and cigarette use was reported more frequently among fathers with participating mothers compared to families with fathers only (p < 0.01, p = 0.49, and p = 0.02, respectively).
Comparing parental reports of paternal factors, we found reasonable agreement among a father Table 4 provides the measures of association for selected paternal factors and risk of a child with a cleft. Both father's cleft status (adjusted OR: 3.31; 95% CI: 0.40-27.5) and father's family history of clefts (adjusted OR: 5.01; 95% CI: 2.46-10.2) were statistically significantly associated with an increased risk (data not shown). When these variables were combined (father's cleft status and father's family history of clefts), the adjusted OR was 4.77 (95% CI: 2.41-9.45). Advanced paternal age (5-year adjusted OR: 0.98; 95% CI: 0.84-1.16), pre-pregnancy tobacco use (adjusted OR: 0.96; 95% CI: 0.67-1.37), and pre-pregnancy cigarette use (adjusted OR: 0.95; 95% CI: 0.66-1.37) were not significantly associated with cleft risk. Education level, employment status, and alcohol use were also not statistically significantly associated with risk. When we subdivided occupation into specified categories, exposure to industrial chemicals was associated with a decreased risk of oral cleft (adjusted OR Adjusted by child's sex, mother's place of residence during pregnancy (rural/city), mother's and father's employment status (employed/unemployed), mother's and father's education (completed primary school or less/completed secondary school or more), mother's and father's age at time of delivery and country. * 5 year OR given. Crude models were adjusted by country. † p is significant at the 0.05 level.
Discussion
While several maternal exposures have been demonstrated to affect fetal development, paternal exposures are largely unexplored risk factors. Additionally, many studies that report "paternal" risk factors are based on proxy reports from mothers. Here we present data from four international centers in underserved areas to further explore paternal-specific effects on the risk of oral clefts, while accounting for known maternal risk factors. Our results show that a father's cleft status and family history of clefts are risk factors independent of maternal exposures; however, we found no evidence of paternal environmental risk factors.
The inheritance pattern of oral clefts is thought to be multifactorial, and research has shown a higher recurrence rate in those of affected family members [33] , including paternal family history [34] . Our results showed the strongest paternal risk factors to be a father's cleft status (adjusted OR: 3.31; 95% CI: 0.40-27.5) and a father's family history of clefts (adjusted OR: 5.01; 95% CI: 2.46-10.2), which supports the important role of genetics in the incidence of oral clefts. Further research is warranted exploring the numbers of generations between affected paternal family members and the child, as well as large population-based studies examining rates of subclinical cleft lip and/or cleft palate amongst fathers of affected children, to fully determine the role of paternal genetics in oral clefts.
Selected paternal occupational and/or chemical exposures have been implicated with a higher incidence of birth defects among their children; however, research specifically examining oral clefts has been inconsistent [8, 21, 27, 35] . The hypothesized mechanism is that occupational exposures may affect DNA integrity prior to conception [36, 37] . However, our research found a decreased risk of oral clefts with industrial chemical exposure, along with most fathers who held any type of employment. Although unexpected, these findings among employed fathers may reflect a better standard of living and thus access to prenatal care, due to a higher socioeconomic status, which are associated with lower risk. Further research thoroughly examining the amount and frequency of chemical exposure is needed to confirm this observation.
Previous studies have observed an association between paternal smoking and birth defects among their children [7, 15, 27] . Our study did not find paternal smoking to be a risk factor after adjustment for other confounders using reports from fathers, in contrast to our previous analysis using proxy reports from mothers (OR: 1.5, 95% CI: 1.1-1.9) [4] . This may reflect the difference in sample size as current reports among father is based on only half the sample size of our prior study focused on mothers. Also of note, data reported from mothers showed a higher proportion of smoking compared to those obtained directly from fathers, which may represent underreporting of tobacco use by fathers. Further research is needed to clarify the role of paternal smoking in oral clefts.
There are several noted strengths and limitations of our study. The data presented here represents one of the largest and most diverse studies focused on paternal-specific exposures. The limitations of this study include a clinic-based study design, biases associated with paternal self-reported data, and a limited sample size. Other factors beyond the scope of our questionnaire that may affect the overall health of the father include atmospheric exposures and water and air quality.
Conclusions
Oral clefts represent one of the most common birth defects among children born worldwide. Although maternal factors have been studied for decades, there is an important need for studies examining paternal-specific risk factors. Our results suggest that paternal cleft status and family history of clefts are risk factors independent of maternal exposure. We found no evidence of increased risk of oral clefts with paternal environmental risk factors.
